Neurodegeneration and inflammation are fundamental aspects of many neurological diseases. A genome-wide scan of the response to ventral root avulsion (VRA) in a rat F2 cross discloses specific gene regions that regulate these processes. Two gene loci displayed linkage to neurodegeneration and T cell infiltration, respectively, and a single locus displayed extreme linkage to VRA-induced major histocompatibility complex class II expression on microglia. The demonstration that polymorphic genes in different loci control neurodegeneration and CNS inflammation has implications for various experimental rodent nervous system paradigms and potentially for genetically regulated susceptibility to a variety of human CNS diseases.
Introduction
Numerous CNS diseases of both inflammatory and primarily noninflammatory origin contain elements of inflammation, with T cell infiltration, major histocompatibility complex (MHC) class II expression, and neuron-axon damage McGeer et al., 1988; Kawamata et al., 1992; Engelhardt et al., 1993; Trapp et al., 1998; Kil et al., 1999; Togo et al., 2002 ) (for review, see Gonzalez-Scarano and Baltuch, 1999; Neumann et al., 2002; Wyss-Coray and Mucke, 2002) . Their complex etiology often includes a genetic predisposition (Tanzi and Bertram, 2001) . If the disease predisposing genes could be exactly defined, they would constitute prime targets for new therapy or disclose pathogenetic pathways that could be targeted. Most genes instrumental in these complex disorders are likely to modestly affect risks, be evolutionary conserved in the population, and vary between individuals. With the exception of apolipoprotein E (Strittmatter et al., 1993) , gene mappings by linkage analysis in human family materials have in most cases failed to unravel discrete genes (Cleveland and Rothstein, 2001; DeStefano et al., 2001; Scott et al., 2001; Hicks et al., 2002; Myers et al., 2002) . In contrast, the use of intercrosses of inbred rodent strains being susceptible or resistant for particular phenotypes can identify gene regions (Griffiths et al., 1999) and also position diseaseassociated genes (McIntire et al., 2001; Olofsson et al., 2003) . To study the gene control of neurodegeneration and CNS inflammation, we have selected an as simple and reproducible rodent model as possible, ventral root avulsion (VRA) in the adult rat (Koliatsos et al., 1994; Piehl et al., 1999; Lundberg et al., 2001; Hu et al., 2002 ) (see Fig. 1 ). VRA results in a very proximal axotomy of motor axons at the boundary of the central and peripheral nervous systems and a substantial loss of axotomized cells during the second and third postoperative weeks. Lesioned motoneurons deprived of any physical contact with peripheral nerve tissue, thus, degenerate in a similar manner as many other CNS nerve cell populations (Lieberman, 1971) .
The cellular responses to axonal lesions, collectively termed the axon reaction (Lieberman, 1971) , comprise changes in lesioned nerve cells and activation of surrounding glia. Since its first description at the end of the nineteenth century (Nissl, 1892), the axon reaction has been intensely investigated to reveal crucial mechanisms, especially such that lead to the death of damaged cells and regulate the activation of CNS resident glial cells. The glial cell activation may be important for the interaction with the immune system through the expression of immune-related molecules such as MHC antigens (Kreutzberg et al., 1989; Maehlen et al., 1989; Olsson et al., 1989) . To date a plethora of different candidate gene products possibly involved in the regulation of nerve injury-induced responses have been identified. In most cases the notion of involvement of a certain gene is based on studies of expression pattern, gene knock-out or in vivo neutralization/stimulation. However, because axotomy-induced inflammation and nerve cell death are likely to be determined by several interconnected events that depend on many different genes, the chances of identifying key events using classical hy-pothesis driven research and purely mechanistic approaches are limited.
We here selected rat strains with differences in degree of neuronal loss, recruitment of T cells, glial activation, and MHC class II expression after VRA, for a genetic dissection in a F2 population established by intercrossing DA and PVG strains. This revealed four quantitative trait loci (QTLs) with regulatory effects on different aspects of the VRA response. Exact positioning of the responsible genes in these QTLs can identify crucial steps in the regulation of CNS inflammation and neurodegeneration in response to insults of primarily noninflammatory origin.
Materials and Methods
Animals and breeding. The DA(RT1 av1 ) strain was originally generously provided by Professor Hans Hedrich (Medizinische Hochschule, Hannover, Germany), whereas the PVG(RT1 c ) strain was obtained from Harlan UK Ltd. (Blackthorn, UK). The rats used for experiments were bred at our in-house breeding facility under specific pathogen-free and climatecontrolled conditions with 12 hr light/dark cycles, housed in polystyrene cages containing wood shavings, and fed standard rodent chow and water ad libitum. The intercross experiment was performed reciprocally, with F2 progeny originating from both female DA and PVG founders; 95 F2(DA ϫ PVG) and 91 F2(PVG ϫ DA). Both female and male rats were studied, and the total number of analyzed animals in each group was 18 DA, 18 PVG, 24 F1, and 186 F2.
Nerve lesion. All animals were subjected to unilateral avulsion of the left L3-L5 ventral roots under standardized conditions and in deep isoflurane anesthesia at an age of 6 -8 weeks with a postoperative survival time of 14 d. Animals were killed with CO 2 and perfused with cold PBS. Spinal cords were carefully examined in a dissection microscope to verify the completeness of the lesion and to exclude signs of hemorrhage, necrotic zones, or direct damage to the cord. Six animals were excluded from further analysis. Serial transverse frozen sections (14 m) of tissue from the L4 segment of the spinal cord were cut with a cryostat. All experiments in this study were approved by the local ethical committee for animal experimentation (Stockholms Norra Djurförsök-setiska Nämnd).
Cell counts. Nerve cell counts of cresyl violet counterstained sections were performed as described previously (Lundberg et al., 2001) . In brief, counts were performed blindly by an observer on every fifth section with a total of 15 sections from each rat. Motoneuron cell sizes in the counted population was assessed by measuring the soma area at high magnification in parental rats (n Ͼ 120 contralateral cells and n Ͼ70 axotomized cells, respectively, for each sex and strain combination). The mean soma size in axotomized cells was highly similar (72-73%) compared with unlesioned cells on the contralateral side in all groups. The mean soma diameter of unlesioned and axotomized cells in the measured material was used to calculate a correction factor for cell counts according to the Abercrombie formula (Guillery and Herrup, 1997) that subsequently was applied to the entire population. The degree of neurodegeneration is presented as a ratio of the total number of motoneurons on lesioned and unlesioned sides, respectively, in each rat. The method may be less sensitive to differences in absolute cell numbers between strains than stereological techniques (Guillery and Herrup, 1997) , but the primary objective has been to establish the relative reduction in the number of cells between the lesioned and contralateral sides in individual animals.
Immunohistochemistry and image analysis. The protocol for immunohistochemistry has been described in detail previously (Hammarberg et al., 2000) . The following antisera were used: anti-rat Ia antigen (MHC class II; clone OX-6, mouse IgG1; Serotec, Oxford, UK), anti-rat CD3⑀ (Santa Cruz Biotechnology, Santa Cruz, CA), anti-rat NKR-P1 (clone 3.2.3, mouse IgG1; Harlan Sera-Lab, Loughborough, UK), anti-rat CD11b (clone OX-42, mouse IgG2a; PharMingen, San Diego, CA) antirat CD4 (clone W3/25, mouse IgG1; Serotec), and anti-rat CD8 (clone OX-8, mouse IgG1; Serotec). The second antibody step was performed with Cy3-, Cy2-, or biotin-conjugated donkey anti-goat, donkey antimouse, donkey anti-rabbit, or mouse anti-biotin antisera, respectively (Jackson ImmunoResearch, West Grove, PA). Biotin-labeled secondary antisera were visualized with Cy3-conjugated streptavidin (Jackson ImmunoResearch). The specificity of the immunostainings was tested in control slides by omission of the primary antibody, incubation with preimmune serum (polyclonal antibodies), or incubation with unrelated isotype-matched antibody controls (monoclonal antibodies). Measurements of the immunofluorescence labeling for MHC class II, GFAP, and OX-42 were conducted using a computer-based image analysis system (Lundberg et al., 2001) . Measurements were recorded blindly on coded slides, with identical computer and camera settings for all sections. Each reading was taken from a 0.24 ϫ 0.38 mm rectangle placed in the ventrolateral part of the ventral horn with a total of 10 different sections Figure 1 . Genotyping and analysis of phenotype in the F2 cross. a, Schematic illustration of the genotype in parental ( P), F1, and F2 generations, where an average of one or two recombinations per chromosome can be expected in F2 animals. b, Genotyping was performed with a total of 177 microsatellite markers on genomic DNA from each animal to construct a genetic map. c, Low magnification micrograph of a rat spinal cord 2 weeks after VRA with arrows indicating the avulsed roots. Scale bar, 2 mm. d, Cresyl violet counterstained section demonstrating loss of motoneurons on the side of the lesion (arrow). Scale bar, 1 mm. e-g, Immunolabeling demonstrates increased staining for CD11b/c ( e), MHC class II ( f), and GFAP ( g) in the ventral horn on the lesioned side.
analyzed from each animal. Micrographs were recorded on a Zeiss Axioskop microscope system and processed in Adobe Photoshop 7.0.
Genotyping. Genomic DNA was extracted from rat-tail tips using a standard protocol (Laird et al., 1991) . PCR primers for polymorphic simple sequence length polymorphisms (SSLPs) were selected from available Internet databases [Rat Genome Database (http://rgd.mcw. edu) or Center for Genomic Research, Whitehead Institute/MIT (http:// www-genome.wi.mit.edu/rat/public/)]. The primers were purchased from GENSET (Paris, France). One primer in each pair was labeled with [g-33 P]ATP (PerkinElmer, Boston, MA), genomic DNA was amplified with a standard PCR protocol, and the amplified fragments where separated on 6% polyacrylamide gels. Genotypes were recorded manually from autoradiographic films independently by two investigators. DNA from DA and PVG rats were included in for every marker to verify expected polymorphisms between the two alleles. The genetic map was created using MAPMAKER/EXP 3.0b software (Lander et al., 1987) . A total set of 177 SSLPs were analyzed, and 79% of the genome was covered within a marker distance of 10 centimorgan (cM).
Linkage analysis and statistics. Linkage analysis was performed using the MAPMAKER/QTL (Lander and Botstein, 1989) and R/qtl computer programs. Phenotype data for neuronal survival and MHC class II expression were subjected to log (base 10) transformation to obtain more symmetric distributions. Data set specific genome-wide significance thresholds, and genome-scan-adjusted p values were calculated by permutation tests (Churchill and Doerge, 1994) using 10,000 permutation replicates. The estimated 95% genome-wide logarithm of odds (LOD) threshold for neuronal degeneration was LOD ϭ 3.69, CD3
ϩ cell numbers LOD ϭ 3.75, MHC class II expression LOD ϭ 4.24. A LOD score drop of 1.5 was used to define QTL intervals. Significance levels for phenotypic differences between the parental strains were calculated with two-sided Student's t test or Mann-Whitney rank sum test (neuronal survival) using GraphPad (San Diego, CA) Prism 3.0. The statistical significance of the correlations between phenotypes was assessed with permutations tests, using 10,000 permutation replicates.
Genomics. Genomic data, e.g., physical correlate of genetically mapped QTL intervals and identification of syntenic regions in mouse and human, was received from Ensembl (http://www.ensembl.org/), NCBI (http://www. ncbi.nlm.nih.gov/), and Rat Genome Database.
Results

Neurodegeneration
Animals from the parental strains, F1 and F2 generations were subjected to unilateral avulsion of the left L3-L5 ventral roots under standardized conditions at an age of 6 -8 weeks with a postoperative survival time of 14 d. Counting of motoneurons in the lateral motor nuclei in the L4 spinal cord segment revealed a significant difference in relative numbers of remaining cells between the parental strains, with 36% increased survival in the PVG rat compared with DA (Figs. 1, 2) . As a measure of ongoing neurodegeneration, clusters of CD11b/c ϩ microglia in the lateral motor nuclei were determined (Petitto et al., 2003) . The number of clusters was significantly higher in parental DA rats compared with PVG (mean number per section 1.00 vs 0.39; p value ϭ 0.0011), which provide additional support for a more pronounced neurodegeneration in the DA strain. Genome-wide screening with polymorphic microsatellite markers and linkage analysis in the entire F2 population revealed one genome significant locus on chromosome 8 (VRA1), near marker D8R205, attaining a logarithm of odds (LOD) score of 5.5 for linkage to neurodegeneration (Fig. 2) . Permutation test analysis, with adjustment for genome scan, gave a p value of 0.002. The 1.5 LOD score drop supported QTL interval was ϳ37 cM. The approximate physical genomic size of this locus is 50 mega bases (Mb). VRA1 is syntenic to a region on mouse chromosome 9 (MMU9 B-E3.2) and to human 11q22.3-23.3, 15q21.3-25.2, 6p12.1, and 6q14.1-14.3. In addition, a second locus on chromosome 5 (VRA2), near marker D5R70, displayed suggestive linkage (LOD 3.6; p ϭ 0.066) to cell death (Fig. 2) .
T lymphocyte infiltration Assessment of numbers of CD3
ϩ -positive cells was used as a measure of T cell infiltration. Only a few cells were detected per section, but they were inevitably located to the motor nuclei of the ventral horn of the lesioned side (Fig. 3) . Cell counts revealed a clear strain-dependent difference in parental strains, with sevenfold higher cell numbers in DA rats. Two loci with impact on lymphocyte numbers were identified on chromosome 5 (Fig. 3) . The first locus displaying significant linkage (LOD 4.6; p ϭ 0.011) was at precisely the same location as the VRA2 QTL, and these loci will therefore henceforth collectively be denoted VRA2. The 1.5 Figure 2 . Genetic regulation of nerve injury-induced neurodegeneration. a, Relative motoneuron numbers (ratio between lesioned and contralateral sides; base 10 logarithm) in DA, PVG, F1, and F2 populations, with the median indicated. b, Micrographs of cresyl violet counterstained spinal cord sections demonstrating increased loss of motoneurons in the DA strain compared with PVG. Scale bar, 0.5 mm. Higher magnification micrographs of the lesioned side of the cord are shown to the right. Scale bar, 0.2 mm. c, Genome-wide LOD score plot for linkage to neurodegeneration in the F2 population. Threshold for significant linkage at 95% CI (dashed line) and the location of VRA1 and VRA2 are given. d, LOD score plot of the VRA1 QTL on rat chromosome 8. Dashed line indicates threshold for significant linkage at 95% CI. e, Survival of motoneurons (base 10 logarithm) in the F2 population stratified for genotype at the max marker of VRA1 (D8Rat205), demonstrating reduced survival in rats homozygous for the DA allele. Lines indicate the median. f, Micrographs of cresyl violet counterstained sections from representative animals homozygous for the DA allele (DA/DA), homozygous for the PVG allele (PVG/PVG), and heterozygous (DA/PVG) in VRA1(D8Rat205). Scale bar, 0.5 mm. Higher magnification micrographs of the lesioned side are shown to the right. Scale bar, 0.2 mm. g, LOD score plot for VRA2 QTL at the centromeric end of chromosome 5 in the F2 population. Dashed line indicates threshold for significant linkage at 95% CI.
LOD score QTL interval for VRA2 was ϳ29 cM. Syntenic regions are parts of mouse chromosome 1 and 4 and human 8q12, 8q22.1, and 1p35.2-36.11. The second locus (VRA3) displayed suggestive linkage (LOD 3.4; p ϭ 0.092) to T cell accumulation and was located at the telomeric end of chromosome 5. A more detailed analysis of infiltrating cells was performed in DA parental rats, with double labeling for CD3 (pan T cell marker) and CD4 (T helper cells), CD8 (cytotoxic T cells) or NKR-P1 (natural killer cells; NK cells), respectively. Approximately 60% of the CD3 ϩ cells were also CD8 
Glial activation
Activation of microglia and astrocytes was assessed by labeling for CD11b/c (OX-42) and glial fibrillary acidic protein (GFAP), respectively (Fig. 1) . Both parameters were significantly increased in DA rats compared with PVG rats. However, no significant linkage to discrete gene loci could be demonstrated in the F2 population. The reason for this could be technical or biological, e.g., too polygenic traits, or a combination of both.
MHC class II expression
MHC class II-positive cells were predominately located to the axotomized motor nuclei and the white matter tracts containing traversing motor axons (Fig. 4) . Measurements of the percentage of positively labeled area in the parental strains demonstrated an almost 10-fold greater labeled area in the DA strain. In the F2 population a major influence, with extreme linkage (LOD score 27.4; p Ͻ 0.001), on labeling pattern could be mapped to the centromeric part of chromosome 10 with a 1.5 LOD score supported interval of ϳ4 cM (VRA4) (Fig. 4) . This locus was responsible for an estimated 56% of the variation in the phenotype. VRA4 corresponds to the centromeric part of mouse chromosome 16 and human 16p13. The MHC complex itself on chromosome 20 displayed only a weak effect, attaining a LOD score of 2.6 ( p ϭ 0.45). Double labeling with glial markers showed that MHC class II in the cord was expressed exclusively by microglia (data not shown). Analysis of the phenotype of individual rats in the F2 generation demonstrated a significant, albeit modest, correlation (r ϭ 0.30; p Ͻ 0.001) between the degree of MHC class II expression and numbers of infiltrating CD3 ϩ cells, but not with the degree of nerve cell loss.
Discussion
The results presented herein to the best of our knowledge represent the first effort of genetic dissection of nerve injury-induced neurodegeneration and inflammation using techniques developed for polygenic diseases. A key finding is that features of the axon reaction are controlled by a low number of discrete positioned gene loci containing genes polymorphic between strains. Conceivably, the polymorphisms of such genes may be evolutionary conserved, whereby the allelic variants have been kept to provide some kind of survival benefit on the population level. Such genes may, however, under some circumstances be diseasepromoting. These types of polymorphic genes may therefore be crucial for the regulation of susceptibility to common diseases and of relevance for many individuals within the population, e.g., with high prevalence and low penetrance (Tanzi and Bertram, 2001 ). This can be illustrated by differences in incidence of late onset or sporadic forms as compared with the much rarer familial cases in several neurodegenerative diseases (Myers and Goate, 2001; Rowland and Shneider, 2001; Nussbaum and Ellis, 2003) , as well as the potential sharing of risk alleles between different diseases (Schmitt et al., 1984; Majoor-Krakauer et al., 1994) .
Within the loci reported here there are many candidate genes, which can be determined using flanking marker information and the publicly available rat genome map (http://www.ensembl.org/ Rattus_norvegicus/).
The degree of neurodegeneration displayed significant linkage to a region on chromosome 8 (VRA1). Numerous mechanisms have previously been proposed and proven to be involved in the regulation of nerve cell death (Pettmann and Henderson, 1998; Liou et al., 2003; Vila and Przedborski, 2003) . The data provided here demonstrate that there exists gene polymorphisms explaining differences in the susceptibility to induced nerve cell death, and the exact definition of these will provide information on which upstream mechanism that may be pathogenetically crucial. Interestingly, VRA1 is partly overlapping with a QTL recently described by us in a genetic mapping of experimental autoimmune encephalomyelitis (EAE), a model for multiple sclerosis (MS) (Becanovic et al., 2003) . In the case of EAE however, it is not possible to discriminate between genes regulating the systemic immune response from those regulating target tissue vulnerability. Consistent with a target-specific role, the locus segregated for cumulative score in EAE, a compound measure of neurological dysfunction reflecting disease severity and chronicity, but not with disease incidence or various inflammatory parameters. This suggests that susceptibility to various types of insults of the CNS is regulated by this locus. ϩ cell numbers in the F2 population stratified for genotype at the max marker of VRA2 (D5Rat70), demonstrating increased cell numbers in animals homozygous for the DA allele.
In neurodegenerative conditions the presence of T cells in the CNS has been described Kawamata et al., 1992; Engelhardt et al., 1993; Raivich et al., 1998; Togo et al., 2002) , although of unclear significance so far. However, in primary inflammatory diseases of the CNS such as EAE and neuroinfections, infiltration of T cells into the CNS is known to be of prime importance. Hypothesis-driven research has described a series of important fundaments in this process, such as the requirement of peripheral preactivation of the T cells (Wekerle et al., 1986; Hickey et al., 1991) , expression of certain adhesion molecules (Yednock et al., 1992) , as well as chemokines and their receptors (Huang et al., 2000; Gerard and Rollins, 2001; Proudfoot, 2002) . However, we are not aware of any previous studies on gene polymorphisms regulating the tendency for T cell influx into the CNS. If present, they may constitute inter-individually different bottlenecks in the regulation of CNS inflammation in general. Here we found that this fundamental process is regulated by two different loci linked to the number of infiltrating CD3 ϩ T cells, VRA2 and VRA3, both on chromosome 5. A QTL closely adjacent to VRA2 displaying suggestive linkage to onset of EAE has been described (Bergsteinsdottir et al., 2000) , implicating the importance of this locus in CNS inflammation. Interestingly VRA2 also displayed suggestive linkage to nerve cell loss in the genome scan presented here. The adaptive arm of the immune system has recently been proposed to exert a neuroprotective role after mechanical nerve injuries (Moalem et al., 1999; Hammarberg et al., 2000) , but on the other hand cytotoxic T cells have been suggested to be involved in the killing of MHC class I-expressing neurons in neurodegenerative diseases (Neumann et al., 2002) . DA alleles in the VRA2 locus confer both increased neurodegeneration and T cell accumulation, suggesting an association between these phenotypes. However, the overall correlation in the F2 material was relatively weak, and VRA1 and VRA3 also demonstrate independent genetic regulation of the two processes.
The presence of antigen-presenting cells (APCs) in the target organ is vital for propagating inflammatory reactions. Traditionally CNS tissue has been regarded as an organ with very poor APC capabilities. However, it is now clear that microglia can act as APCs, at least with regard to the reactivation of T cells primed in the periphery (Aloisi et al., 2000) . Local intra-CNS reactivation of autoreactive T cells after recognition of cognate autoantigen presented by class II molecules is pivotal in the pathogenesis of EAE (Flugel et al., 2001) . Very early studies with anti-MHC class II molecule blocking antibodies reversed EAE (Steinman et al., 1981) . In addition, recent studies suggest that statins may act beneficially in EAE by reducing MHC class II expression (Youssef et al., 2002) . Levels of MHC II and the type of costimulatory activation that CD4 ϩ T cells encounter are extremely important because these dictate the subsequent response with regard to Th1/2 bias and activation-anergy status, with important consequences for the functional outcome of an immune response (Baumgart et al., 1998) . We are here able to demonstrate the presence of profound functional heterogeneity in the control of MHC class II expression on microglia, where genetic mapping reveals extreme linkage to a single locus on chromosome 10 (VRA4). Notably, no significant linkage to the MHC complex itself was detected. VRA4 colocalizes with a suggestive QTL identified in rat collagen-induced arthritis (Furuya et al., 2000) and in a panel of inbred rat strains the degree of MHC class II expression after VRA correlates with susceptibility to EAE (Lundberg et al., 2001) , suggesting that VRA4 could be of importance for the regulation of susceptibility to autoimmune disease. We speculate that our observations gives a basis for studying whether differences in the susceptibility to both primary inflammatory and noninflammatory disease, in which class II expression is pre- (D10Rat95), demonstrating a much more vigorous response in rats homozygous for the DA allele ( g) compared with PVG homozygous ( h) and heterozygous ( i) animals. Scale bar, 1 mm. j, MHC class II-labeled surface area in F2 rats stratified for haplotype at the max marker of VRA4 (D10Rat95).
sumed to be important, can depend on inherited differences in the polymorphic genes in the VRA4 QTL.
Further exploration of the QTLs identified in this F2 study are now ongoing in our laboratory using an advanced intercross line (Darvasi and Soller, 1995; Xiong and Guo, 1997 ) that allows for mapping of regulatory genes down to a resolution of 1-15 genes. In parallel, reciprocal congenization will produce strains that enable testing in autoimmune and neurodegenerative disease models. It will be of interest to compare differentially expressed genes as obtained in global gene expression experiments with the genes contained in the QTLs defined here. Positional identification of responsible genes and the use of comparative genomics may increase our understanding of the regulation of genetic susceptibility for a range of neurological diseases, including nerve trauma, multiple sclerosis, and cerebrovascular and neurodegenerative diseases.
